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We present calculations for possible configurations of nitrogen-containing single-walled carbon
nanotubes and their electronic properties obtained with the ab initio tight-binding FIREBALL method.
It is found that nitrogen atoms can be energetically incorporated into the carbon network in three
forms: Substitution, substitution with formation of a vacancy structure, and chemical adsorption.
The different forms exhibit different local densities of states near the Fermi levels, which might
suggest a potential method to control the electronic properties of nitrogen-doped carbon nanotubes.
© 2003 American Institute of Physics. 关DOI: 10.1063/1.1593798兴

I. INTRODUCTION

network through many different techniques, such as substitution reactions,17,18 electric-arc evaporation, and magnetron
sputtering.19–21 The nitrogen content ranges from 5% to 30%
in nitrogen-containing carbon nanotubes prepared by different techniques.19,20 The electronic structure of nitrogencontaining carbon nanotubes has been determined from the
analysis of the x-ray photoelectron and x-ray fluorescence
spectra.21 From the N 1s photoelectron spectrum of nitrogencontaining carbon nanotubes, it is proposed that nitrogen atoms can be incorporated into the carbon network with the
formation of a vacancy defect, where each doping nitrogen
atom is bonded to two carbon atoms. Other nitrogencontaining carbon nanotubes are energetically promising, especially in consideration of predicted results on azafullerene
structures containing 20% nitrogen (C48N12). 22
There have been few theoretical efforts to study the
nanostructure and electronic properties of nitrogencontaining carbon nanotubes. In this article, we investigated
the possible configurations of nitrogen-containing carbon
nanotubes and their LDOS by using electronic structure calculations. The results show that nitrogen atoms can be stably
incorporated into carbon nanotubes in three different forms,
and exhibit different electronic properties.

There has been much interest in the mechanical, electronic, and structural properties of carbon nanotubes since
their discovery.1 Their unique properties make them a very
promising candidate for building blocks of molecular-scale
machines and nanoelectronic devices.2– 4 Single-walled carbon nanotubes 共SWNTs兲 can be either metallic or semiconducting, depending on the chiral vectors 共n,m兲.5,6 Furthermore, the introduction of topological defects, such as
pentagon–heptagon pairs, into the hexagonal network of a
SWNT can change the helicity of the tube, altering its electronic structure. It is proposed that nanoscale heterojunctions
can be obtained within a single SWNT through this
method.7,8
Adsorption of many kinds of atoms or molecules, such
as F, K, O2 , H2 , and NO2 , on carbon nanotubes also
changes their electronic properties.9–13 This suggests a potential application of carbon nanotubes as a chemical sensor
or more generally a method for controlling the electronic
properties of carbon nanotubes by modifying their structure
through doping with different atoms.
With the development of synthesizing techniques, doped
carbon nanotubes have attracted more and more attention.
Others have shown that doped SWNTs exhibit conductivity
enhancement and charge transfer.14,15 In addition, significant
enhancement of the local density of states 共LDOS兲 at the
Fermi level caused by introducing substitutional boron or
nitrogen atoms into the tube tip of SWNTs was predicted by
using first-principles calculations.16 Nitrogen is an ideal doping atom, for it can be easily incorporated into the carbon

II. METHODS

We use the ab intitio tight-binding program FIREBALL,23
based on the density-functional theory 共DFT兲 and a nonlocal
pseudopotential scheme, for our atomistic simulations of
nitrogen-containing SWNTs. The basis functions used are a
set of slightly excited pseudoatomic fireball wave functions.
These orbitals are computed within the DFT and the generalized norm-conserving separable pseudopotentials of the
Hamann form are used24 employing, for their construction,
the scheme of Fuchs and Scheffler.25 The FIREBALL wave
functions are chosen such that they vanish at some radius r c .
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We choose a double numerical 共DN兲 basis set ss * p p *
for nitrogen and a single numerical basis set s p 3 for carbon.
These basis sets have been shown to provide reasonable accuracy with a low demand on computation resources. The
form of the DN basis sets, that we use, are prescribed by
Delley where the wave functions of the 2 ⫹ ions determine
the excited state orbitals.26 The localized pesudoatomic orbitals were constructed with a confinement radius of 3.70 a B
for the 2s state and 4.10 a B for the 2p state of nitrogen,
while the 2s and 2p orbitals of carbon were confined in a
sphere with radius of 4.00 a B and 4.40 a B , respectively.
The model of electronic exchange-correlation functional
employed in these calculations was the generalized gradient
approximation 共GGA兲. We use the GGA form containing
Becke exchange 共B88兲 with Lee–Yang–Parr 共LYP兲
correlation.27,28 Periodical boundary conditions along the
tube axis were used for SWNTs. The supercell selected for
the 共5,5兲 SWNT contains ten layers of carbon atoms 共100
atoms兲. All of the equilibrium configurations presented
herein were obtained by full relaxation until the energy convergence reached a tolerance of 1.0⫻10⫺3 eV/atom. The cohesive energy E c of a pure SWNT and nitrogen-containing
SWNT is calculated from its total energy E T and the energy
of a single free carbon atom (E 1 ) and nitrogen atom (E 2 )
using the following equation: E c ⫽E T ⫺n 1 E 1 ⫺n 2 E 2 , where
n 1 and n 2 are the number of carbon atoms and nitrogen
atoms, respectively.
III. RESULTS AND DISCUSSION

Nitrogen can be incorporated into the hexagonal network
of SWNTs through the substitution of nitrogen for carbon.
The five valence electrons of nitrogen can form three CuN
bonds with the neighboring carbon atoms; however, there are
differences in bond length and binding energy between the
CuN bond and CuC bond. Calculations at the
B3LYP/6-31G* level within GAUSSIAN9829 yield equilibrium
bond lengths of CuN and C2 dimers at 1.17 Å and 1.25 Å,
respectively, while the difference in the binding energy between a CuN and C2 dimer is ⫺2.48 eV. Therefore, the
incorporation of nitrogen atoms into the hexagon network of
SWNTs will cause structural distortion of the tube wall
around the substitutional sites, but such a substitution is
more energetically favorable.
Our calculated equilibrium configuration of a 共5,5兲
SWNT with a single substitutional nitrogen atom 关shown in
Fig. 1共a兲兴, shows similar trends as in the dimer case. The
average CuN bond length in the nitrogen-substituted 共5,5兲
SWNT is 1.42 Å, which is shorter than the averaged bond
length, 1.46 Å, of CuC bonds of the SWNT. The difference
of the cohesive energy between a 共5,5兲 SWNT with a substitutional nitrogen atom and a pure 共5,5兲 SWNT is ⫺2.23 eV.
We now consider the cohesive energies in different configurations of nitrogen-substituted 共5,5兲 SWNTs with more
than one substitutional nitrogen atom, as shown in Figs.
1共b兲–1共f兲. These cases correspond to two adjacent nitrogen
atoms 关Fig. 1共b兲兴, two nonadjacent nitrogen atoms placed on
different sites of the hexagon 关Fig. 1共c兲–1共e兲兴, and three nonadjacent nitrogen atoms 关Fig. 1共f兲兴. The cohesive energies of
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FIG. 1. The possible configurations of nitrogen-containing 共5,5兲 SWNT.

these nitrogen-substituted 共5,5兲 SWNTs 共difference from
pure carbon nanotube兲 are 2.02 eV, ⫺3.86 eV, ⫺3.73 eV,
⫺3.09 eV, and ⫺5.21 eV, respectively. It is clear that the
configuration containing two adjacent substitutional nitrogen
atoms, as shown in Fig. 1共b兲, is energetically unfavorable,
and therefore unlikely appears in nitrogen-containing
SWNTs. The cohesive energy of nitrogen-substituted 共5,5兲
SWNTs decreases with the increase in the number of substitutional nitrogen atoms. This does not necessarily mean that
the nitrogen-substituted SWNT with high nitrogen content is
more probable because the nitrogen content in SWNTs will
depend on many factors, such as synthesis techniques.21
We next construct the configurations of 共5,5兲 SWNT
with 20% and 40% substitutional nitrogen atoms, where the
distribution of nitrogen is uniformly placed such that no two
nitrogen atoms are adjacent. The calculated equilibrium configurations of the two tubes are represented in Figs. 2共a兲 and
2共b兲, respectively. The distortion of the 共5,5兲 SWNT containing 20% nitrogen atoms is slight; however, remarkable distortion occurs as the nitrogen content is up to 40%. In both of
these cases, the axis of the tubes remain straight during optimization processes, although there is obvious radial distortion.
Additionally, we simulated the annealing of a 共5,5兲
SWNT containing 18 substitutional nitrogen atoms 共200 atoms total兲, which were distributed in a local area on the tube
wall. After being annealed at 500 K for 10 ps, the tube bent
substantially, as shown in Fig. 2共c兲. It can be expected that
with the increase of substitutional atoms, longer carbon
nanotubes may roll up to form a more crooked structure.
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FIG. 2. The configurations of 共5,5兲 SWNT containing 共a兲 20%, 共b兲 40%, and
共c兲 9% nitrogen atoms. The substitutional atoms are uniformly distributed in
共a兲 and 共b兲.

This result is consistent with the transmission electron microscopy 共TEM兲 images of nitrogen-containing carbon nanotubes where the graphitic network of a nitrogen-rich carbon
nanotube is strongly distorted and partially stratified.21
We next consider the configuration of a nitrogen atom
incorporated into a 共5,5兲 SWNT with the addition of an adjacent vacancy, as shown in Fig. 3共a兲. Carbon nanotubes usually contain a considerable amount of defects, such as vacancies in the network of carbon hexagons.30,31 It has been
assumed that the nitrogen atoms can be incorporated into the
carbon network with the formation of a vacancy structure.21
But, no other detailed knowledge of such vacancy structures
has been presented. In our calculated vacancy structure, the
substitutional nitrogen is incorporated into a hexagon, and
bonded to two carbon atoms, creating a carbon vacancy; the
optimized structure is shown in Fig. 3共a兲. We find the bond
length of the CuN bond to be 1.34 Å, which is much shorter
than the substitutional CuN bond length and more like the

FIG. 3. 共a兲 The configuration of 共5,5兲 SWNT with a substitutional nitrogen
which is incorporated into the carbon network with formation of a vacancy
structure. 共b兲 The geometric structure of 共5,5兲 SWNT with an adsorbed
nitrogen atom.

FIG. 4. The LDOS near the Fermi level of different nitrogen-doped SWNT
configurations. The horizontal axis represents energy, where the energy at
Fermi level is set as zero: 共a兲 pure 共5,5兲 SWNT, 共b兲 共5,5兲 SWNT with a
substitutional nitrogen atom, 共c兲 共5,5兲 SWNT with an adsorbed nitrogen
atom, and 共d兲 共5,5兲 SWNT containing a substitutional nitrogen which is
incorporated into the carbon network with formation of a vacancy structure.

length of a double bond. The electronic state of the nitrogen
atom with this vacancy is definitively different from that of
the substitutional nitrogen atom structure where each nitrogen atom is bonded to three carbon atoms.
Previous studies have demonstrated that a single nitrogen atom can be chemically adsorbed on the exterior surface
of small radius SWNTs, and the most possible adsorption site
is over a CuC bond.32 The equilibrium structure of a 共5,5兲
SWNT with an adsorbed nitrogen atom is shown in Fig. 3共b兲.
From Fig. 3共b兲, it is evident that there is remarkable distortion of the wall of the SWNT around the adsorption site. The
distance between the two carbon atoms CA and CB 共bonded
to the adsorbed nitrogen兲 is elongated to 1.81 Å from a bond
length of 1.46 Å. The electronic density contours on a plane
containing the adsorbed nitrogen and its neighboring carbon
atoms are depicted in the inset of Fig. 3共b兲. From the inset of
Fig. 3共b兲, it is obvious that the covalent bond between the
carbon atoms, CA and CB , is broken, as each carbon atom
now forms CuN covalent bonds. The adsorption energy of a
nitrogen atom on the exterior wall of 共5,5兲 SWNT is calculated to be ⫺4.31 eV; thus, the nitrogen adsorption is a
chemical adsorption and therefore is stable.
We calculate the LDOS near the Fermi levels from some
of our different configurations and present the results in Fig.
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FIG. 5. Energy levels around the Fermi level for 共a兲 pure 共5,5兲 SWNT, 共b兲
共5,5兲 SWNT with a substitutional nitrogen atom, 共c兲 共5,5兲 SWNT with an
adsorbed nitrogen atom, and 共d兲 共5,5兲 SWNT containing a substitutional
nitrogen which is incorporated into the carbon network with formation of a
vacancy structure. Solid lines and dot lines correspond to fully occupied
levels and unoccupied levels, respectively. The dashed lines represent the
half-occupied levels.

4. The LDOS of a pure 共5,5兲 SWNT is depicted in Fig. 4共a兲
for reference. With a substitutional nitrogen atom 关configuration in Fig. 1共a兲兴, the Fermi level is shifted higher in the
LDOS, as shown in Fig. 4共b兲, such that the Fermi level of the
substitutional nitrogen atom configuration is above the Fermi
level of the pure 共5,5兲 SWNT. This indicates that 共5,5兲
SWNT with a substitutional nitrogen atom would be regarded as a n-type-substituted carbon nanotube. This result is
related to the nature of the substitutional nitrogen atom,
which has five valence electrons. Noting that three carbon
atoms are bonded to the nitrogen, the substitutional nitrogen
atom, therefore, can be regarded as a donor. Contrary to the
previous case, the 共5,5兲 SWNT configuration with an adsorbed nitrogen atom 关configuration in Fig. 3共b兲兴, has its
Fermi level shifted lower, as shown in Fig. 4共c兲, compared to
the pure 共5,5兲 SWNT. This indicates that the 共5,5兲 SWNT
with an adsorbed nitrogen atom would be regarded as a
p-type-adsorbed carbon nanotube. This result can be explained by the fact that only two carbon atoms are bonded to
the nitrogen atom, and the nitrogen can be regarded as an
acceptor. For the LDOS of a nitrogen-substituted 共5,5兲
SWNT with a vacancy structure 关configuration in Fig. 3共a兲兴,
shown in Fig. 4共d兲, this kind of nitrogen-substituted tube is
also a p-type-substituted carbon nanotube.
The energy levels around the Fermi level for the pure
共5,5兲 SWNT and nitrogen-containing 共5,5兲 SWNTs are
shown in Fig. 5. Half-occupied levels, represented by the
dashed lines in Fig. 5, appear in the energy gap of the
nitrogen-containing SWNTs. These levels are related to the
way nitrogen is incorporated into the SWNTs. For the
nitrogen-substituted 共5,5兲 SWNT, the half-occupied level can
be regarded as a donor level since it is close to the unoccupied levels. However, for the SWNTs where a nitrogen atom
is incorporated through chemical adsorption or substitution
with formation of vacancy, this half-occupied level is near
the fully occupied levels, and thus acts as an acceptor level.
From the analysis given herein, we deduce that nitrogen
incorporated into carbon nanotubes with formation of vacancies, or for nitrogen chemically adsorbed, the nitrogen-
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FIG. 6. The LDOS of 共5,5兲 SWNT with a substitutional nitrogen atom 共solid
line兲, and 共5,5兲 SWNT containing 20% substitutional nitrogen atoms
共dashed line兲

containing carbon nanotubes will act as p-type-doped carbon
nanotubes. Conversely, the other considered nitrogencontaining SWNTs can be regarded as n-type-substituted carbon nanotubes provided that most of nitrogen atoms are incorporated into the SWNT through substitution without
vacancy. This suggests a method to control the electronic
property of SWNTs by adjusting nitrogen doping methods.
More importantly, if the three different forms of nitrogen
atoms are doped into different regions of a single SWNT, it
is possible to form heterojunctions within the carbon nanotube.
The LDOS near their Fermi levels of a 共5,5兲 SWNT with
a substitutional nitrogen atom (C99N) and a 共5,5兲 SWNT
with 20% substitutional nitrogen atoms (C80N20) are shown
in Fig. 6. It is obvious that the LDOS of C80N20 at the Fermi
level is greatly enhanced compared with that of C99N. As it
is well known, the LDOS near the Fermi level directly affects the chemical reactivity and electronic properties, such
as field emission and electronic conductivity.16 Therefore,
these LDOS show that increasing nitrogen content into
SWNTs will cause higher chemical reactivity and electronic
conductivity.
IV. CONCLUSIONS

In summary, nitrogen atoms can be incorporated into
carbon nanotubes in three forms: Substitution, substitution
with formation of vacancy structure, and chemical adsorption. The incorporation of nitrogen atoms can induce structural distortions of carbon nanotubes, which ultimately may
cause the carbon nanotubes to roll up to form a more crooked
structure. Nitrogen-substituted 共5,5兲 SWNT without a vacancy defect can be regarded as a n-type-substituted carbon
nanotubes. However, if nitrogen atoms are incorporated into
a carbon network with the formation of a vacancy included,
the nitrogen-containing 共5,5兲 SWNT acts as a p-typesubstituted carbon nanotube. The 共5,5兲 SWNT with an adsorbed nitrogen atom is also a p-type nanotube. In general,
the chemical reactivity and electronic conductivity of
nitrogen-containing carbon nanotubes increase with the nitrogen content.
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